A new control framework of motion and/or vibration control system design for mechanical systems with a time varying mechanical and control parameters is studied. As examples of such time varying mechanical and control parameters, we can assume a variable damping or stiffness parameter of semi-active control devices and a time varying weighting function in a generalized plant respectively. The mechanical system in the present study is assumed to have also an actuator for active motion and/or vibration control. The active control law to drive the actuator is obtained by a gain-scheduling controller based on linear matrix inequalities (LMIs) so that the closed-loop system is stable for all assumed values of the time varying mechanical and control parameters in the generalized plant. We use the adjustability of the time varying mechanical and control parameters in the closedloop system to realize given control specifications. As the control law of the time varying parameters in the closedloop system, a multi-layered feedforward artificial neural network (ANN) is designed as a dynamic map from available signals in the control system to time varying mechanical and control parameters. Design parameters of the ANN are optimized with a genetic algorithm (GA). With a design example of an active positioning and vibration control of a mechanical system with variable damping coefficient, the proposed design approach is shown to be capable of achieving highly sophisticated control specifications that are hard to be satisfied by conventional control methods.
Introduction
A new control framework for motion and/or vibration control of mechanical systems with actuators and semi-active control devices is considered in this study. The actuator generates the active control force or moment and the semi-active control device has a capability to change the damping and/or stiffness characteristics of mechanical systems, e.g., ER, MR dampers and variable stiffness devices, etc. (Gavin, 2001 , Sodeyama, et al., 2004 , Varadarajan and Nagarajaiah, 2004 , Leavitt, et al., 2008 . The actuator is driven by the active control law for motion and vibration control and the semi-active control device is controlled by the semi-active control law for vibration control. In the present study a motion and/or vibration control problem that the motion control is carried out by the actuator and the vibration control is done by both of the actuator and the semi-active control device in a cooperative manner is formulated.
As far as the author's knowledge, the control system design problem for such control objects with the actuator and the semi-active control device has not been considered up to the present. It means that there are no established design strategies to obtain the control law for controlling the actuator and the physical value of the semi-active control devices. The author believes that studying the unsolved control problem is not only interesting from the control theory point of view but also useful from the practical viewpoint of near future as the rapid sophistication of control specification in motion and vibration control of mechanical systems of recent date (Yamaguchi, et al., 2013) because of the higher design freedom of the proposed control framework compared to that of conventional passive, active and semi-active control. Therefore, if a control design methodology is established for such control objects, achievable control performance is expected to be higher than that achieved by above conventional motion and/or vibration control methodologies. By introducing another time varying parameter to change the control characteristics more flexibly, the control system design problem for control objects with actuators and semi-active control devices consequently can be formulated as a control design problem for a generalized plant represented by a linear parameter varying (LPV) form.
For the formulated control design problem, a control structure composed of a gain-scheduling controller and a dynamic map for controlling time varying parameters is proposed. The scheduling parameter in the gain scheduling control is composed of the time varying command signal to change the damping and/or stiffness properties of the mechanical systems and the time varying parameters in the generalized plant to change the control characteristics. The gain-scheduling controller is designed so that the closed-loop stability and some performance criteria on the closed-loop system for the variation of the time varying parameters. The LMI-based gain-scheduling controller (Apkarian, et al., 1995, Apkarian and Adams, 1997 ) based on the closed-loop L 2 gain is used in the present study. The output of the gain-scheduling controller is the command signal of the actuator for the motion and vibration control.
The time varying parameters in the closed-loop system composed of the control object and the gain-scheduling controller are controlled in a real time manner by a dynamic map. The input of the map is some available signals in the control systems, e.g., the measured output, the control input and the disturbance, etc.. The output of the map is the command signal of the time varying parameters in the closed-loop system, e.g., semi-active control devices and the gainscheduling controller. A multi-layered artificial neural network (ANN) (Hagen, et al., 1995 ) is adopted as the dynamic map in this study. Design parameters of the ANN, i.e., the weights and biases, are optimized with a genetic algorithm (GA).
With a simulation study of a motion and vibration control of a mechanical system with an actuator and a variable damping device, the effectiveness of the present approach is verified.
The rest of the paper is organized as follows: In §2 the detailed problem formulation of the study is presented. For the defined control system design problem, the structure of the control law, the gain-scheduling control system driven by the ANN-based map, is proposed in §3 with the detailed description of each element, i.e., the LMI-based gain-scheduling controller and the feedforward multi-layered neural network. In §4, the proposed approach is applied to an active motion and vibration control problem similar to the ACC benchmark problem (Wie and Bernstein, 1992) . The conclusion and the future research subject are given in §5
Notations are as follows: t: time, R n (R m×n ): the class of n-dimensional (m × n-dimensional) real vectors (matrices),
an n-dimensional identity matrix, 1 n : an ndimensional vector all the elements of which equal to 1, M T : transposition of a matrix M, ∥a(t)∥ 2 : the L 2 norm of a signal
the class of n-dimensional real symmetric matrices.
Problem Formulation
An n-dof linear mechanical system with n u actuators and n r semi-active control devices is considered as the control object. The equation of motion of the control object is given as the following:
where q (t) ∈ R n , w (t) ∈ R n w and u (t) ∈ R n u are the displacement, disturbance or reference signal and active control input vectors respectively. Matrices M ∈ S n , D ∈ S n , K ∈ S n , E ∈ R n×n w and F ∈ R n×n u are the mass, damping, stiffness and influence coefficient matrices, respectively. The vector r(t) = [ r 1 (t) . . . r n r (t) ] T ∈ R n r is the n r -dimensional time varying parameter vector of semi-active control devices installed on the mechanical system. As such semi-active control devices, Electro-Rheological (ER) (Gavin, 2001) , Magneto-Rheological (MR) dampers (Sodeyama, et al., 2004) and variable stiffness devices (Varadarajan and Nagarajaiah, 2004, Leavitt, et al., 2008) can be assumed. Each element of the vector r (t) is the command signal to change the physical parameter of the semi-active control devices, e.g., the damping coefficient of the ER and MR dampers and the stiffness of the variable stiffness devices. Without loss of generality, the vector r (t) be in a set C r defined as the following:
For example, if the actual maximum and minimum values of a command signal vector r r (t) ∈ R r are r max and r min respectively, then r r (t) is expressed with r(t) ∈ C r as the following:
By changing the command signal r (t) ∈ C r , elements in the damping and stiffness matrices in Eq. (1) can be changed. Therefore, the motion and vibration of the mechanical system in Eq.
(1) can be controlled by the actuator that produces the active control input u (t) and the semi-active control devices that are able to change their damping and/or stiffness characteristics of the mechanical system itself. With the mechanical system in Eq. (1), define a generalized plant S G given as
where x(t) ∈ R n x , z(t) = R n z and y(t) ∈ R n y are the state, control output and measured output vectors respectively. The vector p(t) in coefficient matrices of S G is defined as the following:
where r(t) ∈ C r is the time varying parameter vector of semi-active control devices in Eq.
(1). The n s -dimensional time varying vector s (t) ∈ R n s is another time varying parameter vector introduced in constructing the generalized plant S G .
As the element of s (t) we can assume a time varying parameter to change control characteristics in a real time manner, e.g., a time varying scaler in a weighting function etc.. As in the case of r(t), the time varying vector p (t) be in a set C p defined as the following:
The generalized plant S G consists of the model of the mechanical system in Eq. (1) with the time varying command signal r (t) ∈ C r of the semi-active control device and some weighting functions having the time varying parameter s (t) ∈ C s . Accordingly, coefficient matrices of the generalized plant S G can be functions on the time varying vector p(t) ∈ C p and the generalized plant S G is the LPV model with time varying parameter vector p(t).
In general control problems for LPV systems whose state-space form is given in Eq. (4), the time varying parameter vector p (t) ∈ C p has been dealt with as a scheduling parameter to model the change of the plant dynamics, e.g., the change of equilibrium points of nonlinear systems and the change of the environment of the control system etc.. In the present study, on the other hand, because the vector p (t) is composed of the command signal of the semi-active control device r(t) and the time varying parameter to change the control characteristics s(t), the vector p (t) ∈ C p is regarded as the time varying design parameter that can be adjusted during the control process. In other words, the manner to handle the vector p (t) ∈ C p in the present study is different from that of the conventional gain-scheduling control problem.
The control law generating the active control input u (t) and the adjustable time varying parameter vector p (t) ∈ C p is assumed as the following:
where S H is a dynamic map from the available signals of the control system to u(t) and p(t) ∈ C p . The control system with the generalized plant S G and the control law S H is defined as z (t) = S I (w (t)). With definitions in the above, the control system design problem in the present study is formulated as the following:
For the generalized plant S G (p (t)), find the good dynamic map S H that satisfies given control specifications that are formulated as an optimization problem of a performance index subject to equality and/or inequality constraints on the closed-loop system S I (w (t)).
As stated in §1, the formulated control design problem potentially has a capability of achieving higher motion and/or vibration control performance compared to conventional passive, semi-active and active control schemes because the present control design problem has the higher design freedom than conventional ones. However, no methodologies have been established to obtain a good control law S H in Eq. (6) and the adjustable time varying parameter. In the next section, a method to obtain the control law S H by assuming a structure of the map S H will be presented.
Remark 1
We assume that some coefficient matrices of S G in Eq. (4) Those two assumptions are posed to avoid the excessive complexity in the description on the design of the gain-scheduling control law that will be shown in the next section. Above two limitations can be overcome by using some other methods (Wu, et al., 1996, Apkarian and Adams, 1997) .
Control System Design
As the control law S H in Eq. (6) a control structure composed of a gain-scheduling control for generating the active control input u (t) and a dynamic map for obtaining the time varying parameters in a real time manner is proposed. The gain-scheduling control system is firstly designed so that the closed-loop system with the generalized plant and the gainscheduling controller is (at least) stable for all p (t) ∈ C p . Next the time varying parameters in the gain-scheduling control system is controlled with the dynamic map that outputs p (t) ∈ C p . An artificial neural network (ANN) is used as the dynamic map in this study. The detail of each element of the control law S H and the relation between both ones are described in following subsections.
LMI-based Gain-Scheduling Controller
For the generalized plant in Eq. (4), a full-order gain-scheduling controller is designed. The state-space form of the gain-scheduling controller is given by
where x K (t) ∈ R n x . All the coefficient matrices in Eq. (7) are functions on p (t) ∈ C p , that is, those are scheduled by the time varying design parameter vector p (t) ∈ C p . The closed-loop system with the generalized plant S G (p (t)) and S K (p (t)) is defined as the following:
The block diagram of the closed-loop system is shown in Fig. 1 . The gain-scheduling controller S K (p (t)) in Eq. (7) is obtained with the method based on LMIs (Apkarian, et al., 1995, Apkarian and Adams, 1997) . As the performance index of the closed-loop system S c (p (t)) in Eq. (8), define the L 2 gain given as the following:
The closed-loop L 2 gain is the ratio of the energy of z (t) (measured in its L 2 norm) divided by that of the worst disturbance w (t). For the generalized plant S G (p (t)) in Eq. (4), the gain-scheduling controller S K (p (t)) given in Eq. (7) exists if and only if the following LMI conditions are satisfied for all p (t) ∈ C p having arbitrary rateṗ (t) (Apkarian, et al., 1995, Apkarian and Adams, 1997) :
where
n u ×n y are unknown variable matrices respectively.
Define the coefficient matrices of the gain-scheduling controller S K (p (t)) as the linear functions on
respectively. With the assumption made in Remark 1, the LMI conditions in Eq. (10) is satisfied for all p (t) ∈ C p with arbitrary rateṗ (t) if and only if there exists the unknown variable matrices for all vertices of p (t) ∈ C p (Apkarian, et al., 1995) . More specifically, the gain-scheduling controller S K (p (t)) exists if and only if there exists variable matrices X,
e., all vertices of the time varying design parameter vector p (t) ∈ C p . Then coefficient matrices of the gain-scheduling controller S K (p(t)) in Eq. (7) are given as follows:
where N are M ∈ R n x ×n x are arbitrary real matrices that satisfy
With the generalized plant S G (p (t)) in Eq. (4) and the gain-scheduling controller S K (p (t)) in Eq. (7) whose coefficient matrices are obtained as Eqs. (14)- (17), coefficient matrices of the closed-loop system S c (p (t)) in Eq. (8) are also parameterized as following linear functions on p i (t), i = 1, . . . , n p respectively: 
Dynamic Map for Controlling Time Varying Parameters: Artificial Neural Network to Drive the Gain-Scheduling Control System
As presented in the above, the vector p(t) ∈ C p is recognized as the time varying design parameter that can be controlled in a real-time manner to optimize the closed-loop control performance. To obtain the optimal time varying design parameter, the control structure shown in Fig. 2 is considered. The time varying design parameter p(t) ∈ C p both in the generalized plant S G (p (t)) and the gain-scheduling controller S K (p (t)) is controlled by a dynamic map denoted by M p in a real-time manner. The map M p has input signals that are available in the control systems, e.g., the measurement output y, the control input u and the disturbance input w, etc. and outputs the optimal time varying design parameter
Recalling the LMI-based gain-scheduling control system in the previous subsection, the closed-loop system S c (p (t)) is always stable for all p (t) ∈ C p . Therefore, we can assume any type of maps from the input signals to the output signal, i.e., the time varying design parameter vector p(t) ∈ C p , if the output of the map M p remains in the prescribed range assumed in the gain-scheduling controller design, i.e., p(t) ∈ C p . Because the present problem formulation is entirely unique and no similar studies can be found as far as the author's knowledge, there are no specific guidelines to obtain a good map M p .
In this study, an artificial neural network (ANN) is adopted as the map M p to obtain the optimal time varying design parameter vector p(t) ∈ C p in the gain-scheduling control system S c (p (t)). The structure of the ANN-based map M p is depicted in Fig. 3 . In the map M p , the available signals in the control system, e.g., y, u and w etc., are firstly fed into a filter F. The output of the filter F is used as the input signal to the ANN, denoted by u NN . Then the ANN outputs the time varying design parameter vector p (t) ∈ C p . Finally, the gain-scheduling control system S c (p (t)) is driven by p(t) ∈ C p .
As the artificial neural network for the map M p , a standard feedforward three-layered neural network (e.g, Hagen, et al., 1995) that has been used in many applications (Snyder and Tanaka, 1995 , Yamamoto, et al., 1998 , Bani-Hani, et al., 1999a , Bani-Hani, et al., 1999b , Shu and Pi, 2000 , Takahashi and Yoshida, 2003 , Jiang and Adeli, 2006 ) is adopted. The block diagram of the feedforward three-layered neural network is shown in Fig. 4 . It has three layers, the input, hidden and output layers, and each layer has neurons that are referred to as input, hidden and output units respectively.
Let
. . , n O be units in the input, hidden and output layers respectively where n I , n H and n O are the number of neurons of respective layers. In the three-layered neural network, the i-th element of the output layer of the network y O i (t), i = 1, . . . , n O , i.e., the i-th element of the time varying design parameter vector p(t) (p i (t)) is obtained as the following:
where 
Note that 0 ≤ f (x) ≤ 1 and −1 ≤ g (x) ≤ 1, ∀ x. Design parameters in the ANN, i.e., the weights and biases in all the units of the ANN are optimized so that the given control specifications are satisfied. As stated in the previous section, those control specifications are formulated as an optimization problem of a certain performance index with some constraints. With the definition of the design parameters in this subsection, the optimization problem of the ANN-based map M p is given as the following:
Optimization problem of the ANN-based map M p : Find the weights and biases of the feedforward three-layered neural network in Eqs. (22) where ϕ is a positive scalar function on the gain-scheduling control system S c (p (t)), is minimized subject to inequality constraints given as follows:
where ψ i (S c (p (t))), i = 1, . . . , n c are scalar functions on the gain -scheduling control system S c (p (t)) and n c is the number of inequality constraints.
Advantages of the proposed gain-scheduling control system driven by the ANN-based map M p over the conventional LTI control system or the control system that directly uses ANNs as the feedback controller are summarized as follows:
• The present gain-scheduling control system clearly has a larger design freedom compared with control systems with LTI controllers thanks to the gain-scheduling control with the adjustable time varying design parameter p(t) ∈ C p . Therefore, we can expect that the proposed gain-scheduling control system is capable to achieve better control performance than that of LTI control systems.
• In the case that the ANN is used as the feedback controller directly (Snyder and Tanaka, 1995 , Bani-Hani, et al., 1999a , Bani-Hani, et al., 1999b , Takahashi and Yoshida, 2003 , Jiang and Adeli, 2006 or as the arbiter to determine parameters of the feedback controller, e.g., PID gains (Yamamoto, et al., 1998, Shu and Pi, 2000) , the closed-loop system with (the model of) the control object and the feedback controller can easily become unstable especially in the early stage of the optimization (learning) process because of insufficient learning. Therefore, in the process to obtain the good ANN as the feedback controller or the arbiter with the learning, some amount of the computation yielding such unstable closedloop system must be a waste in the above control structure. On the other hand, the closed-loop system proposed in the present paper does never become unstable if the stable gain-scheduling control system S c (p (t)) can be obtained and the time varying parameter p(t), the output of the map M p , remains in the set C p assumed in the gain-scheduling controller design. Note that because the LMI-based gain-scheduling controller design (Apkarian, et al., 1995, Apkarian and Adams, 1997) is model-based, the stability of the closed-loop system can be retained more easily in general compared to the case that the ANN is directly used as a feedback controller. Therefore, once a stable gain-scheduling control system S c (p (t)), p (t) ∈ C p is obtained, the learning of the ANN in the map M p can be carried out without losing the closed-loop stability. In fact, the condition p (t) ∈ C p is always satisfied because of the range of the function f in Eq. (25), 0 ≤ f (x) ≤ 1 ∀ x. Therefore, in the proposed control structure involving the ANN, the parameter optimization of the ANN is expected to progress faster than that of the above conventional use of ANNs in control systems.
In many applications of ANNs to control system design, the optimization of the weights and biases of ANNs can be carried out through the back propagation approach (Rumelhart, et al., 1986) if following two assumptions are satisfied:
• The desired behavior of the ANN as the controller, i.e., the ideal I/O relationship of the control network is available as train sets and those can be used for the learning of the ANN.
• The performance index ϕ and constraint functions ψ i , i = 1. . . . , n c are partially differentiable on the design parameters of the control network, i.e., the weights and biases through the plant network that has been learned to acquire the plant I/O relationship.
In the control system design problem formulated in Eqs. (27) and (28), the desired behavior of the dynamic map M p is not known beforehand in general. Moreover, the function J = ϕ (S c (p (t))) and the constraint functions ψ i (p (t)), i = 1, . . . , n c are not necessarily partially differentiable with respect to design parameters of the ANN in the map M p . Therefore, in the present study, a genetic algorithm (GA) is applied to the optimization of the design parameters of the ANN to avoid above two difficulties. In the GA, all the design parameters in the ANN are put together into a chromosome. Some individuals with different chromosomes are generated randomly in the initial stage and the optimal chromosome is searched by the GA. In the GA search, genetic operations, e.g., Crossover, Mutation and Selection, etc., are applied all the individuals iteratively so that the fitness of the individual is maximized, i.e., the objective function ϕ in Eq. (27) is minimized subject to constraints ψ i , i = 1, . . . , n c in Eq. (28). In the final stage of the optimization, all the individuals have the almost same chromosome (same design parameters) and it is considered as the converged optimal solution in the GA.
As the summary of this section the design algorithm of the control system is shown as the following:
Step 1: Define the LPV generalized plant S G (p (t)) in Eq. (4).
Step 2: Obtain the gain scheduling controller S K (p (t)) in Eq. (7) for the LPV system S G (p (t)).
Step 3: Determine the setting of the ANN-based map M p , i.e., the number of units in the input, hidden and output layers.
Step 4: Optimize the parameters of the ANN with the GA. Step 5: If control performance of the closed-loop system composed of the generalized plant S G , the gain-scheduling controller S K and the ANN-based map M p optimized in Step 4 is satisfactory, then stop. Otherwise, change the setting of the ANN in the map M p and go to Step 4.
Design Example
As a design example, a control problem similar to the benchmark problem of a motion and vibration control (Wie and Bernstein, 1992 ) is considered. The schematic model of the control object is depicted in Fig. 5 . Two masses m 1 and m 2 are connected by a spring and a semi-active damper. The spring constant and the variable damping coefficient of the semi-active damper are denoted by k and d (r (t)) respectively where r (t) is the command signal to change the damping coefficient of the semi-active damper. An actuator for active control is installed on the mass m 1 . The control objective is that the position and vibration control of q 2 (t), the displacement of the mass m 2 , with the active control force u (t) and the semi-active control law to change d (r (t)). Note that the actuator is used both for the motion and vibration control and the semi-active damper is used for the vibration control only. The displacement of the mass m 2 is measured for the position and vibration control.
The 2-dof system in the present example is similar to that in the benchmark problem (Wie and Bernstein, 1992 ) except for the existence of the semi-active damper. Because the sensor and the actuator are placed in different locations on the control object, the mechanical system is a non-collocated system. It is well known that (active) control for such non-collocated systems is more difficult than that for collocated systems because of the non-minimum phase property.
The equation of motion and the state-space representation of the 2-dof system is given as follows:
Values of structural parameters of the 2-dof system are summarized in Table 1 . Similar to the problem formulation of the benchmark problem (Wie and Bernstein, 1992) , two control specifications are considered in the present design example.
( 1 ) Performance requirement: the settling time and the overshoot of the control output, i.e., q 2 (t) for a step reference signal w (t) = w f , are both to be minimized.
( 2 ) Saturation constraint: the control input is limited as |u (t)| ≤ α under the step reference signal w (t) = w f where α > 0. Considering the above control specifications, the generalized plant S G (p (t)) whose block diagram is depicted in Fig.  6 is defined. To satisfy the above control specifications, the weighting function S w for the error signal y = w − q 2 = w f − q 2 is defined as the following LPV system that contains a time varying design parameter s (t):
where ρ max = 0.01 and ρ min = 0.001 are the maximum and minimum values of the weight for the error y respectively. By changing the time varying design parameter 0 ≤ s (t) ≤ 1 we can change the control authority in a real time manner. Specifically, for a large s (t) close to 1, the control authority becomes larger and the error y = w − q 2 is more quickly regulated with a relatively large amount of the control effort u. Conversely, for a small s (t) close to 0, the peak value of the control effort u becomes small. However, a quick regulation of the error y = w − q 2 cannot be realized.
Then, coefficient matrices of the generalized plant S G in Eq. (4) are given as follows:
For the generalized plant S G , a gain-scheduling controller S K is obtained with the LMI-based method described in §3.1.
The ANN-based map M p is designed to drive the gain-scheduling control system with the method described in §3.2.
In the present example, the filter F (s) is defined as the following:
Then, the output of the filter F(s), i.e., the input of the ANN u NN , is given by
The element of the u NN (t) is the error, its integral and derivative, and the reference signal normalized by the value of the step reference signal w f . That is, the map M p has the same input signals as those of 2 degree of freedom PID controller except for the normalization. Because of the normalization and the linearity of the gain-scheduling control system, we can always have the same shape of the step response in the control system regardless of the value of w f . Design parameters in the ANN, i.e., the weights and biases in all the units of the ANN are optimized so that the given control specifications are satisfied. For the designed gain-scheduling control system, define the following performance index that reflects the above control specifications (1) and (2):
where O s and T s are the overshoot and the settling time of the step response respectively defined as follows:
The scalar β > 0 is the weighting in the performance index J. The penalty function J p considering the saturation constraint (2) is defined as the following:
Under the setting shown in the above, a gain-scheduling controller S K (p (t)) is firstly designed. Bode plots of the obtained gain-scheduling controller S K (p (t)) is shown in Fig. 8 for fixed values of p (t), i.e., p (t)
It can be seen that the gain of the controller becomes larger as the time varying design parameter s (t) = p 2 (t) does.
For the obtained closed-loop system S c (p (t)), the parameters of the ANN to control p (t), i.e., weights
. . , 4, are optimized with the genetic algorithm (GA). In this case the value of the step reference signal w f and the admissible peak value of the control input α in Eq. (37) are w f = 1 and α = 1 respectively. The weight β in the performance index J in Eq. (34) is selected as β = 0.1. All the design parameters of the ANN are optimized with the GA through the iterative step response simulations. Some user-defined variables in the GA optimization in the design example are shown in Table 2 . In the present example the number of units in the hidden layer is determined as n H = 18 by trial and error.
The step response of the gain-scheduling control system driven by the optimized ANN-based map M p is shown in Fig. 9 with the time history of p(t), i.e., the output of M p . To verify the effectiveness of the proposed design approach, some alternative LTI control systems that are obtained by fixing the time varying design parameter, i.e., p (t)
of the gain scheduling control law and three optimal LTI H ∞ control cases are considered. In each LTI H ∞ control case, firstly, the variable damping coefficient d (r (t)) = d (p 1 (t)) is fixed at r f ix = 0, 0.5, 1 respectively and assume 0 ≤ s (t) ≤ 1 in the weighting S w in Eq. (31) is a constant denoted by s f ix . Next, the LTI H ∞ controller is obtained with the LMI-based method (Scherer, et al., 1997 The quantitative values of the performance index J, the overshoot O s , the settling time T s and the peak value of the control effort max t≥0 |u (t)| for each case are summarized in Table 3 . Clearly, the proposed gain-scheduling system driven by the ANN-based map M p achieves the best control performance in the sense of the overshoot O s and the settling time T s compared to other alternatives without violating the saturation constraint. Moreover, control performance realized by the proposed approach cannot be achieved with conventional LTI control laws.
With the result of the simulation study, the advantage of the proposed control design framework, i.e., the control system design for mechanical systems with adjustable time varying mechanical and control parameters, over conventional passive, semi-active and active control schemes and the effectiveness of the proposed design method as a method for motion and/or vibration control of mechanical systems with adjustable time varying mechanical and control parameters.
Conclusion
In this study, a motion and vibration control method of mechanical systems with time varying mechanical and control parameters is proposed. The control design problem is formulated as the optimal design problem of the active control law to drive the actuator and the control law of the time varying design parameters for the LPV generalized plant. The gain-scheduling control system driven by the ANN-based map is proposed as the control structure. The gain-scheduling controller is designed with the LMI-based method and the time varying design parameter is controlled by the dynamic map consists of the filter and the standard feedforward three-layered ANN to satisfy the given control specifications. The design parameters of the ANN, i.e., the weights and biases are optimized with the GA. The effectiveness of the proposed approach is verified by the application to the active motion and vibration control system design for the simple mechanical system with time varying mechanical and control parameters.
As mentioned in §1, we can expect that the higher control performance can be achieved with the present design formulation, i.e., the control system design with time varying mechanical and control parameters because of the higher design freedom of the control framework compared to that of conventional methods. The proposed design method in © 2014 The Japan Society of Mechanical Engineers [DOI: 10.1299/jamdsm.2014jamdsm0028] Fig. 9 Step response of the control systems (w f = 1, α = 1) the paper, the gain-scheduling control system driven by the ANN-based map, is considered as a solution example for the present control problem. To establish the control system design methodology for the proposed control framework is the subject of the future study. As another research subject of the proposed control methodology, considering the nonlinear dynamics of semi-active control devices, that is not assumed in the present design example, is also important in practical implementation.
